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INTRODUCTION
The development of alloantibodies neutralizing factor VIII (FVIII) coagulant activity (inhibitors) represents the main complication of treatment of hemophilia A. It occurs in approximately one third of previously untreated patients (PUPs) and causes substantial morbidity, mortality and costs for the healthcare system [1] [2] [3] . The causes for inhibitor development are not fully understood, but some risk factors have been identified [4] [5] [6] [7] [8] [9] .
FVIII inhibitors consist of a polyclonal population of antibodies that are targeted to multiple antigenic sites within the A2, A3 and C2 domains of the protein 10 . In addition to inhibitors, anti-FVIII antibodies are present in healthy individuals and patients affected with hemophilia A without exerting coagulant inhibitory activity. Several laboratory platforms for the detection of total FVIII binding antibodies have been developed, based upon immunoblotting assay, fluorescence immune assay and enzyme-linked immunosorbent assay (ELISA) . With these assays non-neutralizing antibodies (NNAs) directed towards non-functional FVIII epitopes that escape detection by means of functional assays have been identified. Their prevalence is approximately 2-3% in healthy individuals 16, 18, 21, 24 , while estimates in hemophilia patients with different degrees of severity of disease vary widely, from 12% to 54% [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [24] [25] [29] [30] [31] . Although NNAs and inhibitors are not distinguishable based on their isotypes, clonality and epitopes 32 , recent data published by Hofbauer 33 indicate that anti-FVIII IgG with inhibitory activity have an up to 100-fold higher affinity for FVIII than those without inhibitory activity. Based on studies on cross-reactivity it has been also suggested that FVIII inhibitors in hemophilia A patients originate from the expansion of a natural anti-FVIII clone of B lymphocytes that exists before any treatment with FVIII and secretes anti-FVIII antibodies similar to the natural antibodies found in healthy individuals. Furthermore, For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From FVIII inhibitors seem to be produced by a B cell clone that has undergone an antigen-driven affinity-maturation and hypermutation of the V-region 33 . With this as background, what is not known pertaining to NNAs is their presence before any exposure to FVIII concentrates and their relationship with subsequent inhibitor development, even though Boylan et al. 15 already suggested that NNAs could be an early sign of subsequent inhibitor development. Currently available data on NNAs stem from large but heterogeneous cohorts of multi-transfused patients, some with previous but then eradicated inhibitors, and others during immune tolerance induction for inhibitor eradication. Furthermore, the majority of studies were crosssectional in design, and could not assess temporal relations. In particular, none of the previous studies was performed on plasma samples collected before any FVIII concentrate exposure . The aim of this study was to determine the prevalence and significance of anti-FVIII NNAs in patients enrolled in the prospective randomized SIPPET study who were screened for neutralizing and non-neutralizing anti-FVIII antibodies before any treatment with FVIII concentrates.
MATERIAL AND METHODS

Patients:
This was a cohort study performed in the frame of SIPPET randomized trial 35 . Patients aged <6 years, affected with severe hemophilia A, never exposed to FVIII concentrates, not or minimally exposed (less than 5 EDs) to blood components (whole blood, fresh frozen plasma, packed red cells, platelets or cryoprecipitate) and inhibitor negative by modified Bethesda assay were included and then randomized to treatment with a single plasma-derived (pdFVIII) or recombinant (rFVIII) FVIII concentrate. Patients were followed and monitored at scheduled time-points for FVIII inhibitor occurrence 35 . Data were collected on family history of hemophilia and inhibitor, age at screening, country site, FVIII gene mutations and FVIII sources (for more details, see reference 35 ); FVIII antigen levels (measured at screening by Asserachrom VIII:C Ag, Diagnostica Stago, Asnières sur Seine, France) were categorized as <1% and ≥ 1%. Minimally treated patients (MTPs) were defined as those exposed to less than 5 EDs with blood components before screening, whereas previously untreated patients (PUPs) were those never exposed to blood components. Screening was defined as the time of inclusion in the SIPPET trial, before any exposure to FVIII concentrate. At this time a blood sample was collected and patients were screened both for the presence of inhibitory antibodies using the Bethesda assay with the Nijmegen modification and stored for future determination of the presence of NNAs using an ELISA assay. Plasma samples collected at screening were available for 237 patients and were tested for anti-FVIII NNAs.
Approval was obtained from medical ethics committee at each study center. Parents or guardians of all children provided written informed consent.
Inhibitor testing
Inhibitor testing at screening and follow-up was performed centrally at the Angelo Bianchi Bonomi Hemophilia and Thrombosis Centre, Milan, Italy, using the Bethesda assay with the Nijmegen modification 35 . In case of inhibitor occurrence during follow-up, inhibitor levels were confirmed on a second sample within 14 days after the first positivity, and patients were followed for six months to establish whether the inhibitor was transient or persistent. 
Statistical analysis
Prevalences were estimated as proportions with confidence intervals obtained by the exact binomial method of Clopper-Pearson. We used odds ratio (OR) and 95% confidence intervals (CI95) to assess putative determinants of NNA. Analysis by age at screening was done by stratifying patients in 5 age categories. Independent samples t-test was used to compare age between the two groups.
Kaplan-Meier survival analyses were performed to assess the cumulative incidence for both all inhibitors and high-titer inhibitors by NNAs serotype, and the incidence rates were compared with Cox regression survival analyses taking into account as covariates FVIII gene mutations (categorized as null-vs non-null mutation) 35 , FVIII antigen levels, self-reported family history for inhibitor, trial treatment arm (pdFVIII or rFVIII), age at screening (in months) and country site. Adjustments in multivariate Cox models were each made individually, as there were too few events to include all variables in a single multivariate model. Confidence intervals were derived from this model. Due to the occurrence of two deaths during the trial 35 , we performed a sensitivity analysis assuming that both patients had developed a high-titer inhibitor at the truncated follow-up instead of dying. Statistical analyses were performed within SPSS, version 23.0 (IBM Corp., Armonk, NY). 
RESULTS
Characteristics of the study cohort
The mean age at screening was 18.3 months (median 13 months; range: 0-67 months). FVIII gene causative mutations were detected in 94.1% of the cases (n=223): 185 of them (83%) were carrying a null-mutation (large deletions, nonsense mutations, inversions and frameshift). In 107 of 237 patients (45.1%) there was a positive history of hemophilia in relatives, and 23 (21.5%) reported a positive family history of inhibitor. One hundred and twenty-one patients (51.1%) were randomized to treatment with pdFVIII and 116 (48.9%) to rFVIII. Of 237 patients followed for a mean of 27 ED (median 23 days; range: 1-50 days), 71 developed a FVIII inhibitor (30.0%), which in 48 (67.6%) was at high-titer.
Determinants of non-neutralizing antibodies towards FVIII
NNAs were detected at screening in 18/237 patients (7.6%; CI 95 4.9-11.7%). Table 1 shows the general characteristics of NNA-positive and NNA-negative subjects. Patients with NNAs were older than those without (mean 27.4 months; median 24 months; range: 2-59 months vs mean 17.5 months; median 12 months; range 0-67months; p-value: 0.007), and NNA prevalence clearly increased with age (Table 2) . Non-null mutations, measurable FVIII antigen levels in plasma and a positive family history of inhibitor were also associated with a higher prevalence of NNAs at screening (Table 2) . Previous exposure to blood components was associated with a reduced prevalence (OR 0.49, CI95 0.17-1.43). For all these associations, confidence intervals were wide due to the limited sample size, and none changed after adjustment for age.
NNAs and inhibitor development
Among patients positive for NNAs at screening (n = 18), seven subsequently developed an inhibitor, for a cumulative incidence of 45.4% (CI95 19.5-71.3%), whereas among those negative (n = 219) 64 developed an inhibitor, for a cumulative incidence of 34.0% (CI95 27.1-40.9%). In the NNA-positive group, all inhibitors were high-titer, whereas in the NNAnegative group, 41 of 64 inhibitors were high-titer, for a cumulative incidence of 21.9% (CI95 15.8-28.0%). Importantly, no inhibitor among NNA-positive subjects was transient, compared with 26.6% (17 out of 64 patients) of inhibitors in the NNA-negative group which were transient and disappeared within 6 months. Figure 1 shows the Kaplan-Meier plots for all and high-titer inhibitors by the presence or absence of NNAs at screening. In univariate Cox regression, presence of NNAs was associated with an 83% higher incidence of inhibitors than in its absence (hazard ratio (HR) 1.83, CI95 0.84-3.99). For high-titer inhibitors the rate was almost three-fold increased (HR 2.74, CI95 1.23-6.12). In adjusted models, the effect of NNAs on inhibitor development if anything became stronger (Table 3 ).
Due to the stringency of our cut-off value for non-neutralizing anti-FVIII antibody positivity we also analyzed data using a lower cut-off of 1.035 µg/mL, corresponding to the highest value of the Younden index obtained from the ROC curve (99% of sensitivity, 98% of specificity) and results did not change: all inhibitors by NNA positivity HR 1.69 (CI95%: 0.97-2.96) and high-titer inhibitors HR 2.33 (CI95% 1.25-4.34) . Two deaths occurred during the trial, both among NNA-negative patients. We performed a sensitivity analysis assuming that both patients had developed a high-titer inhibitor at the truncated follow-up instead of dying. We recalculated the crude hazard ratio by the presence of NNAs and the results did not change. The hazard ratio by NNAs presence was 1.78 (0.81-3.87) for all inhibitors, and 2.62 (1.18-5.84) for high-titer inhibitors. Severe non-fatal adverse events were nine episodes of intracranial bleeding and two episodes of gastro-intestinal bleeds, all of them occurred in the NNA-negative group. Per protocol these adverse events were not considered a reason for withdrawal of the study, and subjects continued to be treated and completed the study.
Further sensitivity analyses were performed for patients who were censored before reaching the predefined end-point of three years follow-up or 50 EDs, and no major deviations from the overall findings were found.
DISCUSSION
We studied a cohort of 237 patients with severe hemophilia A, previously untreated and minimally exposed to blood components and thereby at risk for FVIII inhibitor development after exposure to FVIII concentrates. A sensitive ELISA assay was used to detect NNAs at screening before any exposure to FVIII, which were present in 7.6% of patients. Age, nonnull mutation, FVIII antigen levels and family history of inhibitor seemed to influence NNAs prevalence. Importantly, the presence of NNAs was associated with an increased risk of inhibitor development, particularly for high-titer inhibitors, with an nearly three-fold increased incidence rate.
In previously reports, NNA prevalence ranged from 2% to 3% in healthy people 16, 18, 21, 24 and from 12.2% to 53.8% in patients with hemophilia A [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [24] [25] [29] [30] . Several factors, particularly that all previous studies predominantly included multi-transfused patients, explain this large variation and the gaps of knowledge on their potential clinical role. For instance, the intron 22 inversion of FVIII mutation was associated with an increased frequency of NNAs in multi-transfused patients in one study 29 , which was not confirmed in another 20 . Among multitransfused patients those with NNA were older than those with no NNAs in one study 20 , but not in others 13, 30 .
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Given the increasing prevalence with age projected at 20% at an age of more than 40 months, NNAs can be considered an age-related phenomenon in patients previously untreated and minimally exposed to blood components, which may reflect maturation of the immune system and in particular of the adaptive immune system in growing children 37 . This finding is also supported by the increase of natural IgGs during the first years to remain stable with Whereas some findings, particular those on determinants of NNAs had considerable statistical uncertainty and should be confirmed in a larger cohort, the association of NNAs at screening with subsequent inhibitor development was robust .
In our study, the presence of NNAs at screening in children not previously treated with any FVIII concentrate was associated with an almost 3-fold increased risk of development of high-titer inhibitors. In auto-immune diseases, such as systemic lupus erythematosus or rheumatoid arthritis, the appearance of autoantibodies often precedes the clinical onset of disease [43] [44] [45] . A hypothetical explanation is that the autoantibody response needs to mature before acquiring such distinct characteristics as specificity of antigen recognition, or an For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From increase or shift in antigen recognition [43] [44] [45] [46] . Similarly, we found that detectable inhibitors, and mostly high-titer inhibitors, can be preceded by NNAs.
Furthermore, the effect of NNA on inhibitor development did not change its direction when adjusted for other variables, but the hazard ratio increased after adjustment for mutation. This can be explained by the inverse relations of null mutation with NNA presence on the one hand and inhibitor development on the other. This study has some limitations. The follow-up of patients started from screening and not from birth, and therefore patients who died early were missed. Given the low fatality rate of hemophilia, and the implausibility of a differential death rate by NNAs, this is an unlikely source of bias.
In conclusion, the development of anti-FVIII inhibitors is a multicausal event and although several factors have been identified [4] [5] [6] [7] [8] [9] 35, [47] [48] [49] [50] [51] , none of them suffice to reliably predict the risk for an individual patient. The identification of NNAs as an additional marker for inhibitor development needs to be validated in further studies and once confirmed it could be useful to measure NNA immediately at diagnosis or before any exposure to FVIII products. This may contribute to improve prediction scores, which in turn may lead to individualized interventions tailored to reduce the risk of inhibitor formation. Figure 1 : Kaplan-Meier survival curves for inhibitor development by NNA presence. In figure 1A cumulative incidence for all inhibitor is plotted; in figure 1B cumulative incidence for high-titer inhibitor is plotted.
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